Structural imperfections such as grain boundaries (GBs) and dislocations are ubiquitous in solids and have been of central importance in understanding nature of polycrystals. In addition to their classical roles, advent of topological insulators (TIs) offers a chance to realize distinct topological states bound to them. Although dislocation inside three-dimensional TIs is one of the prime candidates to look for, its direct detection and characterization are challenging. Instead, in twodimensional (2D) TIs, their creations and measurements are easier and, moreover, topological states at the GBs or dislocations intimately connect to their lattice symmetry. However, such roles of crystalline symmetries of GBs in 2D TIs have not been clearly measured yet. Here, we present the first direct evidence of a symmetry enforced Dirac type metallic state along a GB in 1T'-MoTe2, a prototypical 2D TI. Using scanning tunneling microscope, we show a metallic state along a grain boundary with non-symmorphic lattice symmetry and its absence along the other boundary with symmorphic one. Our large scale atomistic simulations demonstrate hourglass like nodal-line semimetallic in-gap states for the former while the gap-opening for the latter, explaining our observation very well. The protected metallic state tightly linked to its crystal symmetry demonstrated here can be used to create stable metallic nanowire inside an insulator.
Grain boundary (GB) or dislocations are important structural imperfections in studying nature of polycrystals [1] . Besides their classical properties, nowadays, various interesting topological states along the GBs or dislocations can be realized inside topological insulators (TIs) [2] [3] [4] [5] [6] [7] , although their direct detection and characterization are challenging [5, 7] . In two-dimensional (2D) TIs, interesting topological properties of GBs [7, 8] can be detected more easily using local probes. Among many two-dimensional (2D) materials, various grain boundaries with distinct spatial symmetries can be realized in a 2D transition metal dichalcogenide, 1T'-MoTe 2 thanks to its special crystal structure. Because the 1T' phase of MoTe 2 can be understood as a static lattice distortion from its more symmetric but unstable 1T phase [9] , there are chances to create disparate structural phase boundaries between crystalline domains with different orientations while growing the 1T' structure (hereafter we will drop 1T' for convenience). Our study of one-dimensional (1D) topological metallic states along GBs of MoTe 2 was based on scanning tunneling microscopy (STM) and spectroscopy (STS). In as-grown MoTe 2 sample surfaces, we observed an unprecedented GB structure satisfying a non-symmorphic glide-reflection symmetry and topological metallic state associated with it. Quite contrary to this, we could distinguish a semiconducting boundary state along the other boundary with a symmorphic mirror symmetry. Our measurement of existence of topological states depending on the symmetries of GBs was further confirmed by large scale atomistic simulations.
We first identify the topological nature of the surface layer of an as-grown MoTe 2 bulk sample. Although we measured tunneling spectra on the surface of the bulk sample, our measurements clearly indicate that the topmost layer behaves as a single layer detached from the rest of sample. Such a behavior has already been observed in a similar material [10] as well as other layered crystals, e.g., graphene-like behavior of topmost layer of graphite [11] and Bi surface layer [6] . In our sample with GBs, the presence of GBs in the topmost layer promotes the lattice mismatch between the topmost layer and the others, further ensuring the single layer spectrum in the topmost one. Our simulated STM images and STSs also support the single-layer-like behavior of the topmost layer of the bulk MoTe 2 sample. The simulated images of the single layer MoTe 2 with varying applied voltage also agree with our observations very well (Supplementary Section I). Thanks to the effective isolation, we were able to measure the topologically protected metallic state along the truncated step edge (Supplementary Section II) by its dI/dV spectra and STM images agree well with previous studies [10, 12, 13] .
In MoTe 2 , the chalcogen atoms (Te atoms) form quasione-dimensional parallel chains where adjacent chains (denoted by Te1 and Te2 rows, respectively) have alternative height variation with respect to the transition metal plane as shown in Fig. 1a . The inequivalent rows of Te atoms will play an important role in determining the local crystalline symmetry along GBs later. The height alternation spots in our STM images with different con- trast. We found that this contrast difference between the two chains also depends on the applied bias voltages; for example, the contrast at 300 mV is reversed in Fig. 1c comparing to that at 20 mV in Fig. 1b (A defect is used as a marker to identify Te1 and Te2 rows in Figs. 1b and c.) (See details in Supplementary Section III). To figure out the effect of the electronic state, we measured the local dI/dV spectra of Te1 and Te2 rows. As is matched very well with images, the values of dI/dV at different rows cross each other at 20 mV in Fig. 1d . The different energy levels of Te1 and Te2 p-orbitals from our first-principles simulation can explain alternating contributions from two chalcogen atoms in determining crystal structures of MoTe 2 precisely (Supplementary Section III).
Having established a single-layer-like behavior of the topmost layer, now we turn to formation mechanism of GBs. Suppose that a structural phase transition of a matrix from the high symmetry (1T) phase to the low one (1T') through dimerization of adjacent Mo rows occurs in multiple locations. There are six orientation variants, resulted from the six-fold improper rotational symmetry (see black and grey dotted arrows in Fig. 2a) . Excluding trivial and high energy structures, the interfaces between two 1T' phase crystals in different orientations can make four inequivalent symmetric tilt GBs with the angles of either 60
• or 120
• , which can be categorized by the GB operations that map the right side onto the left of crys- tal structure. We identified that those GB operations are 60
• mirror, 60
• glide-reflection, 120
• two-fold rotation and 120
• screw, and the corresponding boundary structures are shown in Figs. 2b-e. Those low energy GBs were found by a simple GB model considering point group symmetry in addition to the coincidence site lattice theory (Supplementary Section IV). Furthermore, we found that 60
• glide-reflection and 120
• two-fold rotation boundaries are energetically favorable ones because their strains are smaller than the others. We confirmed that those two structures match the experimentally observed ones (Figs. 3a, e) and are approximately 110 meV and 570 meV more stable than the other structures, respectively. We note that the 120
• two-fold rotation boundary was theoretically predicted as a twin boundary induced by strain in single crystalline 1T'-MoTe 2 [14] , which was also observed experimentally [15, 16] while the 60
• glidereflection boundary has never been reported yet.
At the 60
• glide-reflection boundary, the STM image in Fig. 3a shows its non-symmorphic symmetry nature clearly. The bright rows of chalcogen atoms in the right side of the boundary show abrupt discontinuities to the left side ones. The bright rows in the right side can map onto the left ones by simultaneous operations of mirror and a half-unit translation with respect to the GB. The measured dI/dV spectrum at the boundary in Fig. 3b (red line) reveals a peak near −70 mV whereas the local dI/dV spectrum far away from it (black and blue lines) shows no feature at −70 mV similar with the local spectrum of the pristine sample (Fig. 1d) . We note that the observed spectrum in Fig. 3b is very similar with recently reported topological edge states in 1T'-WTe 2 [10, 12, 13] and our results on the step edge of 1T'-MoTe 2 (Supple- • glide-reflection and 120
• two-fold rotation boundaries. a, Simulated STM image of 60
• glide reflection boundary on the Vs = 0.3 V. b, Simulated dI/dV at left area (black line) and boundary (red line) denoted by black and red dots in a, respectively. c, Band structure for the 60
• glide reflection boundary with twin boundary structure. d, Simulated STM image of 120
• two-fold rotation boundary on the Vs = 0.3 V. e, Simulated dI/dV at left area (black line) and boundary (red line) denoted by black and red dots in d, respectively. f, Band structure for the 120
• two-fold rotation boundary with twin boundary structure.
mentary Section II). The peak is spatially localized at the boundary within 2 nm width as clearly seen in the spatial dI/dV maps in Fig. 3d and Supplementary Section II.
The spatially and energetically localized onedimensional metallic state along the GB with nonsymmorphic symmetry is in sharp contrast to states in the other boundary with symmorphic symmetry. Unlike the case of the 60
• glide-reflection boundary, the STM image of the 120
• two-fold rotation boundary shows the continuous bright rows across the boundary with kinks as shown in Fig. 3e . So, the right side STM image can map onto the left one by two-fold rotation operation. Its dI/dV spectrum in Fig. 3f also shows the stark differences: two peaks at 85 and -30 mV (green line that locate away from the energetic position of the gap at −70 mV (black line)). The spatial distributions of the peaks at 85 and −30 mV in Fig. 3h indicate that the states associated with the peaks are broadly distributed along the boundaries and that their intensities are quite lower than that of the 60
• glide-reflection boundary (further dI/dV maps are in Supplementary Section V).
The band crossing in our calculated band structures in Fig. 4c . clearly explains the origin of the metallic states in the 60
• glide-reflection boundary. The non-symmorphic symmetry along the 60
• glide-reflection boundary can realize the partner change along the in-variant line and forces the formation of one-dimensional hourglass [17] type metallic GB states as shown in Fig. 4c . Since the non-symmorphic symmetry along the GB guarantees the band crossing with a linear dispersion at the low energy [18] , the spectroscopic signature in Fig. 3b and 4b looks quite similar with one shown in the edge of topological insulating MoTe 2 . Contrary to this case, however, the symmorphic symmetry along the 120
• two-fold rotation boundary cannot form the band crossing (Fig. 4f) . Instead, the topological edge states from the left side of the GB interact with those from the right side resulting in gapped boundary states as shown in Fig. 4f . So, the band edges in the boundary states make two peaks below and above the charge neutral energy shown in Figs. 3f and 4e (Supplementary Section VI).
Our theoretical simulations of STM images and dI/dV spectra agree with experimental observations quite well. In Figs. 4a and d , the simulated STM images for the two different GBs structures are displayed. The images of the fully relaxed atomic geometries are computed with the constant current condition [19] and shows that the patterns of bright rows of chalcogen atoms clearly respect the underlying crystal symmetries of GBs. We also simulated the local dI/dV spectra right on top of GBs and away from them as shown in Figs. 4b and e. The resulting spectra also agree well with our observations showing a single peak at the energetic position of bulk gap for the 60
• glide-reflection boundary, while two split peaks for the 120
• two-fold rotation boundary. Our projected 1D band structures along the momentum parallel to the grain boundary direction (Figs. 4c and f) show sharp differences between two GBs. In Fig. 4c for the former structure, the entangled metallic bands fill the band gap of the bulk MoTe 2 , while the split conduction and valence band states inside the gap are shown in Fig. 4f for the latter. So, it is evident that these contrast features of the band structures are responsible for the different dI/dV spectra for the two disparate GBs.
Considering that the typical growth method for the TMDs [20] , the GB between crystalline domains with different orientations are inevitable. Thus, our experimental demonstration of protected metallic states here not only provides the first direct evidence of existence of the symmetry enforced Dirac type metallic state along the dislocated atomic defects with the distinct crystal symmetry but also shows a possible route to draw the robust metallic nanowires inside the insulator once the growth of crystalline structure of TMDs can be controlled.
Sample preparation
High quality 1T'-MoTe 2 single crystals were synthesized using NaCl-Flux method. Stoichiometric mixture of Mo and Te powders were sintered with sodium chloride (NaCl) at 1373 K for 30 hours in evacuated silica tubes.
Then, the samples were cooled to 1223 K with a rate of 0.5 K/hr. Rapid cooling down to room temperature was achieved by quenching with water. 1T'-MoTe 2 single crystals for this study have large magnetoresistance and residual resistance ratio, exceeding 32,000 and 350, respectively, indicating that Te deficiency is less than 1 % [21] .
Scanning tunneling microscopy/spectroscopy measurements
We performed the experiments in a commercial lowtemperature STM (UNISOKU Co., Ltd., Osaka, Japan) at 2.8 K. 1T'-MoTe 2 single crystal sample was cleaved in an ultrahigh vacuum chamber ( 10 −10 Torr) at room temperature and then transferred to the low-temperature STM sample stage, where the temperature was kept at 2.8 K. The STS measurements were performed using a standard lock-in technique with a bias modulation of 5 mV at 1 kHz.
Density functional theory and tight-binding calculations
To investigate the structural and electronic properties of 1T'-MoTe 2 and their grain boundaries, we performed ab initio calculations based on density functional theory (DFT) [22, 23] as implemented in VASP code. [24, 25] Projector augmented wave potentials [26, 27] was employed to describe the valence electrons, and the electronic wave functions were expanded by a plane wave basis set with the cutoff energy of 450 eV, and the atomic relaxation was continued until the Hellmann-Feynman force acting on every atom became lower than 0.03 eV/Å . For more precise calculations, we included the dipole correction. The Perdew-Burke-Ernzerhof (PBE) form [28, 29] was employed for the exchange-correlation functional in the generalized gradient approximation (GGA). The Brillouin zone (BZ) was sampled using a 10×10×1 kgrid for the primitive unit cell of 1T' MoTe 2 . The spinorbit coupling (SOC) effect and on-site Coulomb repulsion (U) are included in all calculations. These parameters have been thoroughly tested to describe the exact characteristic in the 1T' MoTe 2 single layer [30] . For the optimization of GB structures of 1T' MoTe 2 , we adopted the basis consisting of pseudo-atomic orbitals (PAOs) with a single-ζ basis set, as implemented in the SIESTA code [31, 32] . The XC functional was treated with GGA as used for VASP. The behavior of valence electrons was described by a norm-conserving TroullierMartins pseudopotential [33] with scalar-relativistic effect in the Kleinman-Bylander factorized form [34] 4d5 5s1 5p1 and 5s2 5p4 electrons for molybdenum and tellurium are considered as a valence level in pseudopo-tential. The charge density has been determined selfconsistently on a real space mesh with a very high cutoff energy of 450 Ry, sufficient for total energy convergence to within 1 meV/atom. The energy shift due to the spatial confinement of the PAO basis functions [29] was limited to less than 0.01 Ry. We used periodic boundary conditions and periodic array of slabs separated by a vacuum region of ≥ 30Å throughout the study. The BZ was sampled using a 1×5×1 and 1×3×1 k-grids for 120
• and 60
• GBs of 1T'-MoTe 2 , respectively. To investigate electronic properties of the GBs, we started by constructing Slater-Koster type tight-binding (TB) Here, we demonstrate a grain boundary (GB) model to provide atomic models of the observed GBs. The model provides possible atomic rearrangements at the GB based on coincidence site lattice (CSL) theory and point group analysis, especially when the given crystal is stabilized by lowering its symmetry, e.g., Jahn-Teller distortion. Instead of constructing a GB directly from the original crystal which has lower symmetry, we generate GB models in two-step process. Firstly, we create a bi-crystal separated by a symmetric tilt GB from high-symmetry intermediate crystal by using CSL theory. The intermediate crystal can be found by searching for the best-matched-fit molecular geometry from the original crystal with the lower symmetry [35] . After that, the intermediate crystals in each domain are distorted back to the original crystal. In the case of a monolayer MoTe 2 , a distorted octahedral motif in a T' phase can be best-matched to the regular octahedron with a point group symmetry of −3 (or six-fold improper rotation: S 6 by Schoenflies notation), and the space group of the crystal is changed from P2 1 /m (no. 11) phase to P-3m1 (no. 164) (T phase) as shown in Figs. S4a and b. In addition to the improper rotation, there are three additional two-fold rotation axes perpendicular to the improper rotation axis and three vertical mirror planes (Fig. S4c) . This indicates that a GB, of which relative angle of rotation (2θ) is 60
• , will create a C 2y -symmetric interface with the GB angle of π − 2θ, i.e., 120
• (Fig. S5) . Similarly, 2θ of 120
• results in M y -symmetric interface with the GB angle of 60
• (Fig.  S6) . The above also hold when fractional translation is followed, and both of the "symmorphic" and "nonsymmorphic" GBs are energetically degenerated prior to the distortion. Once the distortion is taken into account as indicated by arrows in Figs. S5 and S6 , the energies of symmorphic and non-symmorphic GBs become different, and the four GB models as in Figs. 2b-e are constructed. Since each of the models is tractable by GB operations by which one side of the bi-crystal can be mapped onto the other, we label each of the GB models as follows: 60
• glide-reflection {M y |t}, 120
• two-fold rotation {C 2y |0} and 120
• screw {C 2y |t}, respectively.
Supplementary Section V. Differential conductance maps To investigate electronic properties of the grain boundaries, we start by constructing Slater-Koster type tightbinding (TB) model which successfully reproduces the DFT band structure for the monolayer 1T'-MoTe 2 near the Fermi level. Here, we assume five d-orbitals on each Mo atom and s−, and three p-orbitals on each Te atom. The tight-binding Hamiltonian H in real space is given as follows: where i(j) labels the atomic sites, σ spin and α(α ) orbitals, and t αα i,j is a transfer matrix, which can be parameterized depending on the direction and distance between pair of orbitals through the Slater-Koster formula [36] . The H soc represents the effect of on-site spin-orbit coupling (SOC),
where λ Mo(Te) are SOC parameters for Mo (Te) atom, S is the spin 1/2 operator, andL Mo(Te) is the angular momentum operator of Mo (Te) atom, respectively [37] . Then, TB parameters are fitted by minimizing fitness function F ,
where ω nk is weight at the k-point and n-th eigenvalue, and E TB(DFT) nk is eigenvalue obtained by TB (DFT) for monolayer 1T'-MoTe 2 . We use a nonlinear leastsquares method bases on the Levenberg-Marquardt algorithm [38, 39] . With this procedure, we successfully fit the DFT band structure for 1T'-MoTe 2 , its topological properties and the orbital character compared with those from the DFT calculations.
